With the aim of characterizing specific immunogenic proteins of Mycoplasma mycoides subsp. mycoides small colony (SC) type, the aetiological agent of contagious bovine pleuropneumonia, a gene encoding a major immunogenic protein of 72 kDa named P72 was cloned and expressed in Escherichia coli. The expressed protein was of the same apparent molecular mass as that produced by the parent strain. The predicted molecular mass of P72, based on the DNAdeduced amino acid sequence, was 61.118 kDa, significantly lower than the apparent molecular mass of endogenous or recombinant P72 on SDS-PAGE. Analysis of the amino acid sequence revealed a typical prokaryotic signal peptidase II -membrane lipoprotein lipid attachment site and a transmembrane structure domain in the leader sequence at the aminoterminal end of the protein. P72 was shown to be a lipoprotein and its surface location was confirmed by trypsin treatment of whole cells. An unassigned gene encoding a peptide with some similarity to P72 was found on the genome sequence of M. capricolum subsp. capricolum but not on that of Mycoplasma genitalium. The P72 gene was detected in 11/11 M. mycoides subsp. mycoides SC strains. Antiserum against recombinant P72 reacted strongly with 12/12 strains of M. mycoides subsp. mycoides SC, weakly with Mycoplasma bovine group 7 strain PG50, but not with other members of the 'mycoides cluster ' or closely related mycoplasmas. Cows experimentally contact-infected with M. mycoides subsp. mycoides SC developed a humoral response against P72 within 35 d. P72 is a specific antigenic membrane lipoprotein of M. mycoides subsp. mycoides SC with potential for use in development of diagnostic reagents. It seems to belong to a family of lipoproteins of the 'mycoides cluster'.
economic importance (ter Laak, 1992; Provost e t al., 1987) . CBPP spread to all the continents during the 19th century and caused significant economic losses. The disease had been eradicated from most European countries at the end of last century, as well as from various other countries, including the United States of America in 1892 , Japan in 1932 , and Australia in 1973 (ter Laak, 1992 Provost etal. 1987) . However, in much of Africa, CBPP is still endemic and continues to cause severe losses in cattle. Europe was considered free of CBPP in 1967, but new outbreaks have been reported in several European countries since 1980 (ter Laak, 1992) and enhanced control of CBPP in all European countries has therefore become a priority. Serological diagnosis is the most important diagnostic tool for control of CBPP, but it is hampered by relatively low sensitivity and specificity. Infections with other members of the 'mzcoides cluster' are believed to be responsible for the cross-reactions which reduce the specificity of serological diagnosis of CBPP (Cheng e t al., 1994; Stark e t a/., 1995; ter Laak, 1992; Nicholas & Bashiruddin, 1995) . Several major proteins of M. mzcoides subsp. mjcoides SC appear to be specifically recognized only by antibodies from cattle with CBPP, and not by those from animals infected by other members of the 'm~ycoides cluster' (Cheng e t al., 1994) . The molecular analysis of such specific antigens may be expected to facilitate enhanced serological diagnosis and to improve understanding of the molecular mechanisms of pathogenicity and immunogenicity of M. myoides subsp. mycoides SC. The aim of this study was to identify and characterize the gene encoding a 72 kDa type-specific antigen of M. mzcoides subsp. mycoides SC, to express this gene in Escbericbia coli and to assess the potential of the expressed protein as a reagent for serological diagnosis.
METHODS
Strains and growth conditions. Mycoplasma strains used in this study were described previously (Cheng et al., 1995) and are listed in (Ausubel e t al., 1990) . For subcloning, the expression vector pBluescriptIISK-(Stratagene), propagated in E. coli XL1-Blue MRF', was used.
DNA manipulation, construction and screening of an expression library. Mycoplasma DNA was extracted by the method of Pitcher e t al. (1989) . Ligation, subcloning, plasmid extraction, restriction endonuclease digestion and analysis of the fragments by agarose-and acrylamide-gel electrophoresis, and isolation of specific DNA fragments, were done according to standard protocols (Ausubel et al., 1990) .
M. mycoides subsp. mycoides SC field strain L2 (Frey e t al., 1995) was selected for construction of an expression library. Genomic DNA extracted from strain L2 was partially digested with Sau3AI so that most of the fragments were between 2 and 10 kb. The DNA fragments were ligated to BamHI-digested dZAP expression vector, and packaged with Gigapack I1 packaging extract (Stratagene). This library was plated according to standard protocols using the E. coli host strain XL1-Blue MRF'.
Screening of the library was performed with serum from a naturally infected cow (CF titre 1:1280), used at a dilution of 1/1000. Prior to use, the serum was absorbed with E. coli antigens as described below. The selected positive clone was excised in vivo into a phagemid using the supplier's protocol. mycoides SC strain L2, was digested with appropriate restriction enzymes and the fragments were subcloned into pBluescriptIISK-. Both strands of the inserts were sequenced with an Applied Biosystems DNA Sequenator AB373 and the Tuq Dye Deoxy Terminator Cycle Sequencing Kit (Applied Biosystems/Perkin Elmer) using oligonucleotide primers containing the T3 and T7 promoter sequences. The sequences for regions which could not be determined by this strategy were obtained using synthesized oligonucleotides based on previously determined sequence. The GenBank accession number of the DNA sequence of the gene encoding the P72 (insert in plasmid pJFFmsc10) is U53210, and that of the entire cloned segment on plasmid pJFFmscl is U61140.
The DNA and deduced amino acid sequences were analysed using the PCGENE programs PROSITE (Bairoch e t al., 1995) and PSORT (Nakai & Kanehisa, 1991 The resuspended cells were sonicated using a Branson Sonifier 250 (Branson Ultrasonics) with the Microtip, output control 3, for 1 min and the suspension was adjusted to a protein concentration of 5 mg m1-l. Protein concentration was measured as described by Bradford (1976) . Sera. Serial serum samples were obtained from cattle infected by contact exposure to cows which had been previously infected by endobronchial inoculation with M. mycoides subsp. mycoides SC.
Sera from two cows contact-infected with strain Afadt and from one cow contact-infected with strain L2 were used. Sera from the contact-infected animals were collected 1 week prior to the contact with the infected animal, then weekly for 21 weeks. Sera from naturally infected cows with CF titres ranging between 1 : 320 and 1 : 1280 were obtained from different European countries.
Cow sera used for immunoblot analysis with the recombinant P72 protein were absorbed with the host strain E. coli XL1-Blue MRF' carrying the empty cloning vector pBluescriptIISK-. The strain was grown to a density of lo9 cells ml-', centrifuged at 9000g, and resuspended in 0.1 vol. TES buffer. Half of the resuspended cells were sonicated using a Branson Sonifier 250 with the Microtip, output control 3, for 1 min. The sonicated cells were then mixed with an equal amount of non-sonicated cells and used as E. coli antigen. For absorption, 10 p1 of this E. coli antigen was mixed with 100 pl serum, incubated for 16 h at 4 "C and then centrifuged at l O O O O g for 15 min to remove precipitates.
Polyclonal antibodies directed against P72 were obtained by immunization of mice with recombinant P72 antigen from E. coli XL1-Blue MRF' harbouring plasmid p JFFmsclO. Equal volumes of P72 antigen and Freund's complete adjuvant (Difco) were mixed and used to immunize mice (250 pg protein per administration) as described by Harlow & Lane (1988) . After 3 weeks the mice were booster-immunized with the same amount of protein, but using Freund's incomplete adjuvant. Blood for serum was taken 10 d later. The serum was absorbed with E. coli XL1-Blue MRF' carrying empty pBluescriptIISK-. lmmunoblot analysis. Mycoplasma cells or recombinant E. coli cells were mixed with equal volumes of sample buffer (62.5 mM Tris/HCl pH 6.8,2 YO, w/v, SDS, 5 %, v/v, p-mercaptoethanol, 10 YO, v/v, glycerol, 0.005 % bromophenol blue), boiled for 5 min, separated in either 10 YO or 5-1 5 % polyacrylamide gradient gels and blotted onto nitrocellulose membrane (0.2 pm pore size, Bio-Rad) (Ausubel et al., 1990) . The membrane was blocked with milk buffer (100 mM Tris/HCl pH 7-5, 150 mM NaCl, 0.5 % Tween 20,l YO, w/v, skim milk powder) for 1 h at 25 "C and subsequently incubated with serum diluted 1 : 1000 in milk buffer for 1 h at 25 "C. The membrane was then washed and incubated with phosphatase-labelled anti-bovine IgGl + 2 monoclonal antibody (Sigma) at a dilution of 1 : 5000 for 1.5 h at
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25 "C. Colour reaction was initiated by adding nitroblue tetrazolium and bromochloroindolyl phosphate in alkaline substrate buffer (Ausubel et a/., 1990) . Trypsin treatment of mycoplasmas. Trypsin was added to a final concentration of 0.4 mg ml-' to suspended M. mycoides subsp. mycoides SC cells at lo8 cells ml-' in TS buffer (10 mM Tris/HCl, 150 mM NaC1, pH 7-5), and the suspension was incubated at 37 "C for 30 min. Mycoplasmas were sedimented by centrifugation at 4 "C for 5 min at 13000g. Pelleted cells were washed twice with cold TS buffer, resuspended in the original volume mixed with an equal volume of protein sample buffer and immediately heated for 5 min at 100 "C. centration of 1 % (w/v) in a conical 1.5 ml polypropylene centrifuge tube and the mixture was incubated for 30 min at 4 "C with gentle rocking. Insoluble components were then removed by centrifugation at 4 "C for 5 min at 13000g. The
Triton X-114-solubilized material was then incubated for 15 min at 37 "C to allow condensation of the detergent phase, which was then separated by centrifugation at 37 "C for 5 min at 13000 g . The .upper, aqueous phase, was transferred to a new tube and chilled to 4 "C and Triton X-114 was added to a final concentration of 1 %. The lower (detergent) phase was adjusted to its original volume with buffer without the addition of Triton X-114. Both vials were rocked at 4 "C for 15 rnin and then incubated for 15 min at 37 "C. Both vials were then centrifuged at 37 "C for 5 min at 13000g. This cycle was repeated three times to ensure complete partitioning. Both phases were adjusted to a volume of 1 ml. A sample of 0.5 ml of the detergent phase was extracted with chloroform to remove unincorporated palmitic acid. Samples from the detergent phase, the chloroform-extracted detergent phase and the aqueous phase, and from whole labelled mycoplasma cells, were mixed with equal volumes of protein sample buffer, run on a 5-15 % gradient polyacrylamide gel and blotted onto nitrocellulose. Filters were exposed to a molecular imager screen (screen type CS, Molecular Imager GS 363, Bio-Rad) for 48 h. The filters were subsequently used for immunoblotting with anti-P72 antibodies.
RESULTS

Cloning of the gene for a 72 kDa antigen of M. mycoides subsp. mycoides SC
Screening of an expression library of M. mycoides subsp. mycoides field strain L2 containing approximately 50 000 recombinant phage clones detected one reactive plaque. This plaque was subcloned and screened again. The phage DNA was converted into phagemid by in vivo excision using the filamentous helper phage ExAssist (Stratagene).
The phagemid, which contained a 5 kb insert, was designated p JFFmscl (Fig. 1) . Immunoblotting of the recombinant E. coli clone using absorbed CBPP field serum detected two protein bands with apparent molecular masses of 72 and 74 kDa, which were jointly designated P72. This protein was not inducible with IPTG. The gene expressing P72 was localized by making a series of subclones from the insert as shown in Fig. 1 (Fig. 2a) . The P72 doublet was absent in the E. coli host carrying the empty cloning vector (Fig. 2a) .
DNA sequence analysis of the gene encoding P72 and of flanking genes
The DNA sequence of the 5.0 kb insert fragment of p JFFmscl was determined in both directions. The analysis of the sequence revealed an incomplete open reading frame, ORF1, encoding the C-terminal part of a polypeptide with unknown function. This ORFl was followed by ORFP72 encoding the entire protein P72 (Fig. 1) . ORFP72 was followed by a copy of IS 7296 (Frey e t al., 1995) In order to verify the integrity of the 5.0 kb insert of p JFFmscl , we performed PCR amplifications using genomic DNA of strains Afad6 and L2, and plasmid p JFFmscl as a control, with the oligonucleotide primers SCIPLl and SCIPL2 matching the ends of the insert. All three PCR reactions resulted in a 5.0 kb fragment which, upon digestion with EcoRI + BamHI and with JpeI, gave identical fragment patterns to those expected from the DNA sequence results (Fig. 3) .
The DNA sequence of the insert in pJFFmsclO, which expressed protein P72, is shown in Fig. 4 . The sequence contains an ORF P72 encoding a polypeptide of 532 residues with a predicted molecular mass of 61-118 kDa.
It is preceded by a consensus sequence for a ribosome- binding site (RBS). ORF P72 does not contain any UGA tryptophan codons and is terminated by the UAA stop codon. Although the predicted molecular mass of the protein encoded by ORF P72 was lower than the apparent molecular mass of P72 in SDS, further experimentation confirmed their identity. ORF P72 was truncated in pJFFmsclO by introducing a deletion from the insert's BgBI site (Fig. 1) to the BamHI site of the vector's
On: Tue, 11 Dec 2018 22:17:26 X. C H E N G a n d OTHERS Table 1. polylinker, thus removing the terminal 407 bp of ORF P72 and fusing the remaining part of this ORF to the lacZ' gene of pBluescriptIISK-. E. coli XL1-Blue MRF' containing this deletion construct expressed an IPTGinducible 63 kDa peptide reacting with CBPP serum on immunoblots as expected from the deletion in the P72 gene and the fusion to lacZ'.
In order to determine whether full-length P72 was expressed in E. coli, mice were immunized with proteins of IPTG-induced E. coli containing p JFFmsclO. Sera from the immunized mice were absorbed with the same E. coli strain containing pBluescriptIISK-. In a comparative immunoblot, using whole cell proteins of M. mycoides subsp. mycoides SC, one strip was probed with the anti-72 serum, which detected a 72 kDa protein (Fig. 2a) . This band corresponded to the 72 kDa protein band of the P72 doublet expressed in E. coli harbouring p JFFmsclO. The other strip was probed with serum from a field case of CBPP-infected cattle, which identified a 72 kDa protein as one of the immunodominant antigens of M. mycoides subsp. mycoides SC (Fig. 2a) . Thus P72 seemed to be expressed as a full-length product in E. coli strain XL1-Blue MRF' harbouring p JFFmscl 0, indicating that the gene did not contain any UGA tryptophan codons, as predicted from the DNA sequence analysis (Fig. 4) .
Sequence similarity analysis of the deduced amino acid sequence with the SWISS-PROT and GenBank sequence databases, using the programs BLASTP and BLASTN, respectively, revealed significant similarity to the amino acid (Nakai & Kanehisa, 1991 ) indicated a consensus sequence for a potential recognition site of a prokaryotic signal peptidase I1 at amino acids 14-24 with a membrane lipoprotein lipid attachment site at the cysteine residue 24 (Fig. 4) . The leader sequence contains a potential transmembrane region at amino acid 7-23.
Identification of P72 as lipoprotein and localization on the outer surface of the membrane
Hydrophobicity analysis of the potential lipoprotein P72 was performed by Triton X-114 phase partitioning (Bordier, 1981 and also, with much less intensity, a single band of 9.5 kb in Mycoplasma bovine group 7 strain PG50, but it did not detect any fragment in the other mycoplasmas tested.
Southern blot analysis of BamHI + BgAI-digested genomic DNA of the M. mycoides subsp. mycoides SC strains with the P72 probe detected three bands of 0.7, 3.5 and 6.5 kb, as expected from the presence of single BamHI and BgAI sites in the P72 coding sequence (Fig. 1) ; with SpeIdigested DNA, two bands of 0.7 and 3 kb were detected according to the SpeI sites shown in Fig. 1 , and with
HindIII-digested DNA a single band of 15 kb was detected. These results show that a single copy of the P72
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In order to confirm the presence of the P72 gene in various strains of M. mycoides subsp. myroides SC, we submitted chromosomal DNA from all strains listed in Table 1 to PCR amplification using the primers P72L and P72R which match the 5' beginning and the 3' end of the P72 gene (Figs 1 and 4) . A 1-6 kbp fragment corresponding to the full length of the P72 gene was amplified from all M. mycoides subsp. mycoides SC strains and also from Mycoplasma bovine group 7 strain PG50. Upon analysis of the PCR products with HinfI, JpeI or MaeI, identical profiles were obtained for all M. mycoides subsp. mycoides SC strains, corresponding to those predicted from the DNA sequence data of the P72 gene, while the Mycoplasma bovine group 7 strain PG50 product showed different restriction fragment profiles for all three enzymes. No other Mjcoplasma species analysed showed an amplification product in this PCR reaction (data summarized in Table 1 ).
Expression of P72 in different Mycoplasma species
Immunoblots of whole-cell proteins of M. mycoides subsp. mycoides SC strains L2 (Europe), Afadk (Africa), PG1 (type strain) and nine further field strains of M. mycoides subsp. mycoides SC as well as the closely related mycoplasmas M. mycoides subsp. mycoides LC, M. mycoides subsp. capri, M. capricoltlm subsp. capricolzrm, M. capricolzrm subsp. Capripnezrmoniae, M. pz/trefaciens and Mycoplasma bovine group 7 strain PG50 were probed with the mouse anti-P72 serum. The serum detected a 72 kDa band in all 12 M. mycoides subsp. mjcoides SC strains and reacted weakly with a 67 kDa band in Mycoplasma bovine group 7 strain PG50. N o bands were detected in the other members of the ' mycoides cluster' (Fig. 2b) .
Humoral immune response of cattle with CBPP to P72
The humoral immune response of experimentally infected cows to recombinant P72 was examined by immunoblotting of series of sera from cows which were experimentally infected with M. mycoides subsp. mycoides SC. The immunoblot (Fig. 6a ) of a cow infected with strain Afadi showed that reactions with the P72 bands were detectable 35 d after contact. This corresponded with the appearance of the first immunological reaction with the major immunogenic bands at 109,98/95,72,62,48 and 32 kDa when whole-cell proteins of M. mycoides subsp. mycoides SC were probed (Fig. 6b) . The reaction with P72 plateaued at day 49 when most of the immunogenic bands were detected on the blots of whole-cell mycoplasma proteins. A few additional weak bands on the immunoblots of the recombinant protein P72 were detected before infection and are persistent throughout the experiment.
Control blots using the E. coli host carrying the empty cloning vector as antigen revealed the same bands. Such reactions with the antigens of the E. coli host were also seen with CBPP field sera (Fig. 2) . Virtually the same results as shown in Fig. 6 were obtained with the sera from a second cow which was contact-infected with strain Afadi and from a cow contact-infected with strain L2. No reactions on immunoblots either with recombinant P72 or with whole-cell proteins of M. mycoides subsp. mycoides SC were detected with sera from a cow that showed no signs of CBPP in spite of contact with a cow infected with strain L2, or with sera from healthy cows.
DISCUSSION
The gene for an immunodominant 72 kDa antigen, P72, of M . mycoides subsp. mycoides SC was cloned and expressed in E. coli. The expressed protein was a doublet of 72/74 kDa. The DNA sequence of the gene encoding P72 showed that it contained no internal in-frame UGA,,, codons and thus is expressed in E. coli at full length (Yamao et al., 1985) . Analysis of the DNA sequence revealed that the P72 gene was preceded by a consensus sequence for a ribosome-binding site. However, no consensus sequence for a bacterial promoter was detected up to 1200 bp upstream of the P72 coding sequence. In plasmids pJFFmsc3 and pJFFmsclO the P72 gene was expressed in E. coli from the vector'sptac promoter. In the case of the original clone p JFFmscl, weak expression of P72 was observed which might be initiated from other promoters thanptac located on the vector or might be a result of promiscuous transcription (Notarnicola e t al., 1990) from a site on the cloned fragment. Analysis of the amino acid sequence of P72 indicated a consensus sequence for a recognition site of a prokaryotic signal peptidase I1 at amino acids 14-24, with a membrane lipoprotein lipid attachment site at the cysteine residue 24.
[14C]Palmitic acid labelling experiments have demonstrated that P72 is a lipid-modified protein. Failure to extract the lipid moiety of this molecule with chloroform demonstrates an avid association, supporting the prediction that P72 is a lipoprotein. Triton X-114 phase partitioning of M. mycoides subsp. mycoides SC, utilized to identify the polypeptides with hydrophobic domains, indicated that P72 is strongly hydrophobic. The degree of hydrophobicity suggests that P72 is a membrane component. This was further confirmed by trypsin digestion of whole cells, which indicated that P72 was surface located.
The signal sequence of P72 shows only very weak similarity with those from other bacterial proteins which possess a signal peptidase I1 recognition site. This might have resulted in partial processing of P72 in E. coli, thus explaining the doublet (72 and 74 kDa) observed when P72 was expressed in E. coli. In M. mycoides subsp. mycoides SC, by contrast, the protein was mainly found as a single band at 72 kDa, suggesting that most of the protein is processed in the original host. Only a weak band with a Type-specific antigen of M. mycoides subsp. mycoides SC Fig. 6 . lmmunoblot with a series of sera taken weekly from a cow (#511) infected with M. mycoides subsp. mycoides SC strain Afad6 by contact. The antigens were separated by 5-15% gradient polyacrylamide gels and transferred to nitrocellulose membranes. Days after contact with an infected cow are shown at the top. The positions of molecular mass markers are shown on the left (broad range, Bio-Rad). The location of P72 is indicated by an arrow. (a) The antigens were whole-cell proteins of E. coli XL1-Blue MRF' (pJFFmsclO), which expresses recombinant P72. (b) The antigens were wholecell proteins of M. mycoides subsp. mycoides SC strain Afad6. The major immunogenic proteins of M. mycoides subsp. mycoides SC are indicated on the right. molecular mass slightly above 72 kDa reacting with anti-P72 serum was detected in exponentially growing cells (immunoblot in Fig. 5, lane 4) but not in stationary-phase cells (Fig. 2a) .
The apparent molecular mass of P72, 72 kDa, differed from the molecular mass calculated from the deduced amino acid sequence (61.118 kDa), suggesting that P72 migrated anomalously in SDS-PAGE. Such anomalous migration of proteins in SDS-PAGE has been reported previously for several mycoplasma proteins (Zheng et al., 1995; Profit et al., 1995) .
Southern blot hybridization and immunoblot analysis using antibodies directed against recombinant P72 showed that the gene was present and expressed in distinct strains of M . mycoides subsp. mycoides SC but not in other related mycoplasmas. This establishes that the P72 gene is conserved in and specific to M. mycoides subsp. mycoides SC. The identification of apparently related genes in Mycoplasma bovine group 7 strain PG50 by immunoblotting and PCR, and in M. capricoltrm subsp. capricoltrm by database searching, suggests that P72 might belong to a family of proteins typical for mycoplasmas of the ' mjcoides cluster '.
Analysis of the humoral response of cows to P72 suggested that P72 was an antigen recognized early and persistently in infection, and hence may be a valuable candidate for the future development of methods for improved serodetection of CBPP. The gene for P72 may also be a useful target for genetically based detection methods for M. mjcoides subsp. mjcoides SC. P72 has been shown to be a surface-exposed lipoprotein of mycoides subsp. mjcoides SC. Lipoproteins have been suggested to play an important role in virulence in other mycoplasmas. In some species, lipoproteins are encoded by multigene families and are capable of antigenic, or size, variation (Wise etal., 1993; Yogev et al., 1991) ; however, these properties were not observed for P72. Membrane lipoproteins of several pathogenic mycoplasmas induce cytokine production by human monocytes and the monocytic cell line THP-1 by a mechanism distinct from that of lipopolysaccharides (Rawadi & Roman-Roman, 1996 ; Herbelin e t al., 1994 ; Kostyal e t al. 1994 , Muhlradt & Frisch, 1994 . Thus, P72 needs to be investigated as a potential virulence factor. Further studies might reveal similar or new molecular mechanisms involved in the pathogenesis of mycoplasma infections.
